Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. The key objective of the work so far was to do the science needed to design better microburners and microreactors for soldier power and other applications. Microcombustion has gone from "impossible" to routine. Microreactors for ammonia reforming shrank by more than a factor of 100. Computational models exist where none existed before.
RESEARCH OBJECTIVES:
The overall objective of the proposed research is:
To develop the science base, fabrication technologies, transport laws, and design methodologies in order that a wide range of high temperature microchemical systems may be developed. In particular, we are interested in developing design guidelines for microburners and design guidelines to combine microburners and microreactors to produce integrated units. To reach this objective, we have formulated a program composed of four individual tasks: 1. Design rules for microburners (experiments: Masel, Shannon, Short; simulations: Short, Vlachos) 2. Monolithic microreactors for the production of hydrogen (experiments: Masel, Seebauer; simulations: Vlachos) 3. Fabrication and testing of ceramic and metallic microreactors (Kenis) 4. Thermal management and thermal integration (Shannon, Masel)
EXECUTIVE SUMMARY
The key objective of the work so far was to do the science needed to design better devices for soldier power and other applications. Table 1 shows a perspective on the results. Microcombustion has gone from "impossible" to routine. Microreactors for ammonia reforming shrank by more than a factor of 100. Computational models exist where none existed before. 
.1 Microburners
One of the key accomplishments of the UIUC effort was to demonstrate stable microburners for the first time. Prior to Masel and Shannon's work microcombustion was thought to be impossible. In 2000 Masel and Shannon demonstrated that microcombustion was possible, but the burners only lasted for 8 hours, due to the very high temperatures in the flames. One key accomplishment in the UIUC MURI effort was to create stable high temperature microburners. The approach took advantage of the fact that flow on the microscale is laminar not turbulent, so that one can run parallel fuel and air streams, and have them only slowly mix by diffusion. The effect is that one can spread the flame over a wide area instead of creating a hot spot that melts the walls. This technique was demonstrated experimentally, and we created microburners that were stable for months.
Another accomplishment was to observe the structure of microflames for the first time and to compare them to conventional flames and available calculations. It was found that microscale flames are not anything like flames on a larger scale. Isolated flame balls and other discontinuous structures are seen rather than continuous lifted flames. The structures are stable over a wide range of stoichiometric conditions and exist for both methane and propane. These results show that combustion on the microscale is fundamentally different than combustion on a larger scale.
The UIUC team also did computations of the flame structure. Generally the calculations gave reasonable predictions of the stability limits of the flames, but the detailed flame structure was not accurately predicted. Instead, only continuous flames were seen in the computations.
Visualization was used to try to determine why the flames were the shapes we observe. Generally, when the burners are cool no stable flame structures are observed. Instead there is a transient phenomenon, where flames ignite, and travel down the centerline of the burner, and are then extinguished. As the walls heat, flame cells are slowly stabilized. Detailed examination of the structures indicates that the flames are hook flames.
Hook flames are well understood theoretically. They arise because of a transition between premixed and laminar diffusion behavior. This suggests that the mechanism of flame cell formation is as given in Figure 6 . We start with a standard laminar diffusion flame which quenches due to heat transfer to the walls. Once the flame quenches, diffusion can occur, mixing the fuel. The fuel reignites leading to premixed hook flames.
At this point the UIUC group believes that they have a good qualitative picture why the flame structures exist. There is, however, still a significant difference between computation and experiment.
Microreactors
A second main goal in the MURI program is to create design guidelines for robust microreactors for the production of hydrogen. The approach is to start with a simple fuel, ammonia, work out how to build microreactors, and then move up to a more complex fuel, propane. Ammonia was chosen for our initial work because the fuel is of some interest to the Army, the reaction kinetics are simple, and there is only one reaction pathway: 2 NH 3 → N 2 + 3 H 2 . Also, the equilibrium conversion increases as the reactor temperature increases. Barton from MIT has shown that there is considerable advantage in running ammonia decomposition in a high temperature microreactor.
The UIUC team pioneered the use of monolithic anodized aluminum as an alternative catalyst support. Reactors created in the acceptable surface area-to-volume ratios while withstanding considerable shaking, avoiding bypassing of reactants, and promoting temperature uniformity due to structural continuity. Over the years the UIUC group made significant improvements to the design. The reaction rate was raised by a factor of 50. The pressure drop in the beds was reduced. At the end of the project we were able to produce microreactors with a surface areas and catalytic activity comparable to pack beds, but with a pressure drop that is a small fraction of that in a packed bed.
Another key finding is that changes in reactor geometry make a tremendous difference in performance. Channel reactors generally show plug flow behavior while posted reactors show considerable mixing. Flow visualization using smoke to image the flow shows that the channel reactor behaves like a PFR, while the posted reactor shows considerable mixing. Importantly, there are considerable fluctuations in the flow with the posted reactor. Pulse testing of the reactors also suggests large fluctuations in the flow in the posted reactor.
Calculations were done to understand these results. Generally, the calculations show that transient flow fluctuations cause there to be much more mixing in the posted reactor than in the channel reactor.
The UIUC team has also developed reactors for the production of hydrogen from propane using SiCN and SiC monolithic inverted opal catalyst monoliths (impregnated with Ru catalyst) into their alumina reactor housings to obtain an all-ceramic microreactor. These microreactors have a unique combination of properties: low pressure drops due to high porosity of the monoliths (0.73), high surface areas of 10 7 m 2 /m 3 , and thermal stability up to 1200°C.
Thermal management
The UIUC team had a seed effort in thermal management. One key part of the effort finding conditions for stable conditions in microreactors and microburners, where heat generation was sufficient to maintain a stable temperature, but there was not so much heat produced that walls melted. Models gave criteria, but there was never a good agreement between models and experiment. One key unexplained experimental observation was that once stable flame balls formed, they were very difficult to extinguish by for example cooling the walls.
Another seed effort was to try to identify some new materials that were highly reflective and still were stable in a high temperature oxidizing environment. We tested a number of oxides, particularly titanium dioxide, tantalum pentoxide since a number of previous investigators have used these oxides as low temperature radiation shields. Much of the effort was devoted to developing fabrication procedures for the materials as thick films of the oxides have not yet been reported in the literature. Also, we needed to develop techniques to measure the reflectivity at high temperature.
Quantitative measures
So far the workers supported by this project have presented 86 talks on work supported by the MURI, and 55 articles were prepared for journal submission. A total of 25 students and postdocs were partially supported by the contract. So far the UIUC MURI program has lead to two DARPA programs that translate aspects of the work into practice: R. I. Masel, PI "MicroGC with Nanotube, Nanogate and Microm8 Detectors" and R. I. Masel, PI, "Porous silicon fuel cell systems for micro power generation" A third DARPA program is pending.
Recommendations for future work
Considerable progress has been made in the MURI effort. We now have stable microburners and microreactors with acceptable pressure drops.
Three areas, though, need further work: i) materials for thermal management ii) modeling of the reactors and burners, and iii) reactor design guidelines. Materials for thermal management is a key need. During the MURI work, the UIUC group tested a number of materials as insulators and heat spreaders, and none were totally satisfactory.
Available were either too fragile for use, or required an insulating thickness that was larger than the devices that are being. Radiation shields were a problem. Many materials stay reflective if they are connected to an external UHV vacuum pump, but quickly lose reflectivity under the normal conditions. Heat spreaders were also a problem. One would like switchable heat spreaders that are insulating when the system is warming up, but become conducting when the operating temperature is reached. The UIUC group never found suitable switchable heat spreading materials. Thus, a new effort on materials for thermal management is needed.
Another key need is for better models for the microreactors and microburners. At present there is still a substantial gap between experiment and computation for microreactor and microburner design. Closing that gap would be another key thrust for future work.
A third need is design guidelines for microreactors. The UIUC group has produced working microreactors optimized for particular reactions: ammonia reforming and propane reforming If one wanted a reactor for another purpose, one would need to do extensive experiments One would like to have design guidelines that allowed one to design a reactor without needing extensive experimentation. We changed to alumina burners like those in Figure 4 . These are simple machined alumina structures that had been treated using a procedure developed under the UIUC MURI so that the surfaces are inert. These were the first devices to show stable microcombustion without failure.
Another key accomplishment of the UIUC effort was to measure the structure of microflames for the first time and to compare them to conventional flames and available calculations. Previously the UIUC team found that microscale flames are not anything like flames on a larger scale. Isolated flame balls and other discontinuous structures are seen rather than continuous lifted flames, as seen in Figure 1 and Figure 2 . The structures are stable over a wide range of stoichiometric conditions and exist for both propane and oxygen. These results show that combustion on the microscale is fundamentally different than combustion on a larger scale.
In our previous grant period the UIUC team also did computations of the flame structure. Generally the calculations gave reasonable predictions of the stability limits of the flames, but the detailed flame structure was not accurately predicted. Instead, only continuous flames were seen in the computations.
Work in the last year concentrating on closing the gap between theory and experiment. One part of the work was to use flow visualization to see if any fluid instabilities, flame stretch, or other effects were causing the differences between theory and experiment. One experiment was to inject smoke in the inlet and search for vortex sheading or other fluid instabilities. Figure 3 shows some of these results. Notice that the smoke travels along a straight path as it moves through the burner.
Therefore it appears that the fluid instabilities are not causing the instabilities.
The effects of flame stretch were also examined, but no significant effects were seen.
Next visualization was used to try to determine why the flames were the shapes we observe. Figure 4 and Figure 5 show some of the structures that have been observed. Generally, when the burners are cool we observe smooth laminar diffusion flames such as those shown in Figure  4 . Such flames are not stable unless there is an external heat source, such as a flame at the exit of the burner. As the burner heats, flame cells such as those in Figure 5 , are seen. These flame structures are stable when the external heating is removed. Detailed examination of Figure 5 shows that the structures are hook flames. 
Figure 6
The mechanism of formation of the flame cells 
Figure 10
Ignition of a flame involves a complicated sequence of events, which are only slightly apparent in these still photographs of the flame just a few seconds after ignition of the cone flame. Steady state hook flames are well understood theoretically. They arise because of a transition between premixed and laminar diffusion behavior. This suggests that the mechanism of flame cell formation is as given in Figure 6 . We start with a standard laminar diffusion flame which quenches due to heat transfer to the walls. Once the flame quenches, diffusion can occur between the laminar streams, mixing the fuel and oxygen. In the region of the flames, there is significant emission of the dominate hydroxyl and methyl radicals, as shown in Figure 7 . Closeup false-color photographs of the chemiluminescence intensities in the visible light range and for the CH* radical emission band shown in Figure 8 show that flames are most intense in the premixed region at the bottom of the flame cell and nearest the fuel rich side. The methyl radicals quench rapidly away from the highest intensity part of the flame. From our earlier work we demonstrated that OH* radicals have very low chemical action on alumina surfaces prepared the way we developed for these burners. Hence, once the fuel is consumed within the flame region, the flame extinguishes. Diffusional mixing occurs, as illustrated in Figure 9 , supplying a premixed and preheated fuel/oxidizer source for the next flame structure. The flame cells are stabilized at the position by the flame speed equaling the flow speed of the reactants, which are the same velocity. The flame speed is determined predominately by the temperature of the reactants, and secondarily by the wall temperature. Supply high degrees of cooling to the walls shifts the flame cell location only slightly. As the walls heat up and cool, the flame cells evolve slowly to a new axial position. It is important to note that the flame cells are only present when anchored laminar diffusion flame exists. At the anchor point, the flow velocity of the impinging flows is near zero, since it is a stagnation point. Hence, the flame speed needed to stabilize the flame against the flow is near zero. Hence the temperature of the incoming reacting gases does not need to be high as in the channel itself. This is a key observation for creating stable flame cells at specific locations.
The dynamic process leading to the steady-state flame has also been studied and now is also qualitatively understood. The ignition of a flame involves a complicated sequence of events, which are only slightly apparent in these still photographs of the flame just a few seconds after ignition of the cone flame. As shown in Figure 10 , the flame appears to wiggle laterally in the channel and then straighten out. However, this is not a steady process. As seen in Figure 11 , high-speed photography shows that on ignition there is a series of traveling flames that come down from the cone flame and then anchor at the base where the fuel and oxidizer come together. This cycle occurs periodically for several minutes of time, as the walls heat up and the flame cells begin to stabilize, as seen in Figure 12 . This process produces audible sound, with distinct regimes, as shown in a time trace in Figure 13 of a microphone signal that records the emitted sounds. These regimes correspond to the wall temperatures, as shown in Figure 14 . Examining the frequency domain of the emitted sound shown in Figure 15 , we note that the initial low frequencies correspond to the extinction-ignition events seen in Figure 11 and Figure 12 . There are also high-frequency components that correspond to flame-structure interactions with the burner, the various modes of which can be seen in Figure 16 . The main conclusion that we can draw from this data is that on startup, the flame within the burner moves from the hotter to cooler section of the burner, and the gases within the burner have strong spatial and temporal variations in temperature, giving rise to a wide variety of flame-fluid-structure interactions. As the walls heat up and the flame gas temperatures stabilize and reach a critical point, the dynamics cease and the flame structures vary slowly with wall temperature.
Extinction-ignition frequency

Combustor structural frequencies
Figure 15 An acoustic emission signal as a function of time after ignition. There are three distinct regimes of sound, corresponding to the type of flame dynamics. At stabilization there are no sounds emitted
Figure 16
The temperature evolution of the walls corresponding with the different flame dynamic regimes. At flame onset in regime A, there are lowfrequency sounds. In regime B there are loud, whistle like and high frequency sounds. Wall temperatures determine the regime.
At this point the UIUC group believes that they have a good qualitative picture why the flame structures exist. There is, however, still a significant difference between computation and experiment that needs to be resolved. To resolve this difference, on going simulations are carried out that indicate that diffusion flames, studied experimentally, could differ from premixed flames that have been modeled so far. These simulations start closing the experiment-theory gap.
Another key part of the effort was to develop models for the microcombustion. Vlachos is using a 46 reaction set to model methane-air. His group studies the propagation of methane flames through micron size tubes. Work in other geometries, which represent our experimental efforts, is under way. Most simulations have been based on the parabolic flow approximation that has minimal computational cost. However, in order to address the thermal management, elliptic simulations will also be conducted. Figure 17 shows the results of some calculations for premixed methane air for various values of the wall heat transfer coefficient and flame tube diameter. Notice that the flame propagates in a 10 mm tube under all of the conditions studied. However, flame propagation is less likely in a 100 μm tube. According to the calculations a methane air flame does not propagate through the tube unless the heat transfer coefficient to the surroundings is less than 1x10 -4 cal/(cm 2 K sec), i.e. the burner needs to be very well insulated. Qualitative results in burners with millimeter gaps, the thermal discontinuity at the walls controls quenching. With 100 micron gaps, the loss of radicals dominates. Some key routes to loss of radicals at the walls are: 2H → H 2 , CH 3 
Figure 18
The temperature needed to get flames to propagate through round tubes as a function of the wall heat transfer coefficient and the sticking probability of radicals on the walls of the tube for three tube radii. Figure 18 shows the temperature needed to get flames to propagate through round tubes as a function of the wall heat transfer coefficient and the sticking probability of radicals on the walls of the tube. Notice that a sticking probability as small as 0.001 can reduce the reaction rate enough to quench the flame in microreactors. This is a very different feature from large scale chemical reactors (e.g., the 1 cm radius reactor). Larger channels can sustain combustion at higher heat losses. Increased recirculation results in an extension of the blowout limit for smaller channels.
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Large scale simulations were also done to try to model the behavior of the UIUC burners. In the first year, the primary effort was to determine how radical and thermal quenching determines the fundamental extinction limits of the methane-air system. The model utilized the boundary layer approximation for cylindrical microchannels and incorporated detailed gas-phase chemistry (46 reactions) as well as radical quenching reaction mechanisms. The primary finding from that work is that radical and thermal quenching become significant below a critical diameter. As the sticking coefficient of radicals on walls increases, lower external heat losses or higher inlet temperatures are required for flame propagation. It was shown that in a tube with a radius of 1 cm, flames propagate under all conditions. The time scale for heat and mass transport to the wall from the center of the tube is long enough that the flame cannot be extinguished, regardless of the external heat losses or sticking coefficient. However, flame propagation in 100 μm radius tubes is much less likely. Even a sticking coefficient of 10 -3 has a significant effect on flame stability. In the second year, the role of heat transfer within the system was considered in detail. A fully elliptic model is used that accounts for 2D heat and mass transport within the fluid and 2D heat transport within the walls. This elliptic model allows self-sustained flames with room temperature feeds to be modeled (a desirable situation mode). As Masel and Shannon have improved the process to make the reactor material "quenchless", the focus of this work has shifted from stopping radical quenching to thermal management that improves flame stability and minimizes hot spot generation. To achieve this goal an irreversible, one-step chemistry has been used. Work focused initially on methane and has recently been extended to propane. The materials of construction of the reactor play a vital role in the overall thermal management of the system. The thermal conductivity of the wall is orders of magnitude greater than that of the fluid. Consequently, much of the upstream heat transfer that preheats the cold incoming feed, occurs within the walls. Figure 20 shows the location of the flame in the channel as a function of wall thermal conductivity for three different external convective heat loss coefficients. Figure 21 shows temperature contours within the reactor for three different wall thermal conductivities.
The main conclusions from these simulations can be outlined as follows: 1. For a given heat loss or heat exchange, there is an optimum wall thermal conductivity (see Figure 20 and Figure 21 ). When the wall thermal conductivity is too low, the upstream heat transfer through the walls is limited and blowout occurs. When the wall thermal conductivity is very high, the wall temperature becomes nearly isothermal. This increases the available hot wall area for external heat losses causing thermal quenching. This optimum wall conductivity allows for maximum heat loss or exchange without loss of stability (see Figure 23 ) and appears to be in the range of high temperature ceramics, such as alumina and silica. 2. There is an optimum flow velocity that results in enhanced flame stability. 3. There is an optimum gap distance. Figure 22 shows contours of temperature for different gap sizes. For large gap sizes (>1 mm), the flame is shifted downstream. Flames are very stable, hot spots form, and the ignition distances are too long (blowout may occur). Medium gap sizes (~1 mm) exhibit lower maximum wall temperatures and earlier flame locations. Small gap sizes (400 μm) have greatly reduced fluid and wall temperatures. The reaction zone in these cases is delocalized and the flame stability is low. 4. Small gap microburners are susceptible to oscillations. When there are heat losses and the system is close to extinction, operation in microburners becomes unstable, leading to periodic oscillatory behavior. The location of the reaction zone/flame location shifts quickly as a function of time. Large temperature swings within the fluid are shown with an amplitude >1400 K. The heat recycle from the hot walls causes a temperature rise much above the adiabatic flame temperature. However, the wall temperature and exit temperature remain nearly constant. High frequency (~1 kHz) pressure variations of > 100 Pa in this example are observed. These pressure variations may be equally critical to burner stability. 5. Qualitatively, propane behaves similarly to methane. However, propane appears to have a larger range of conditions that allow for stabilized flames. Larger exterior heat transfer is allowed for a given wall thermal conductivity, and smaller minimum wall thermal conductivities are feasible than methane (see Figure 23 ). Methane flames are sustainable within the range of free convection (2-25 W/m 2 /K for gases), whereas the propane flames are stable even in the low end of the forced convection (25 -250 W/m 2 /K for gases). Furthermore, flame temperatures vary more drastically with conditions and are lower than those of methane microburners. Finally, higher flow velocities are possible without extinguishing or blowing out the flame. The observed behavior indicates greater microburner stability for propane/air mixtures. 
Microreactors
In the first year, the UIUC team pioneered the use of monolithic anodized aluminum as an alternative catalyst support. Recall that beds of conventional catalyst particles are often not sufficient durable to be used in a portable microchemical device. Bypassing is a significant problem as is loss of catalyst.
The objective of this part of our work is to develop robust catalyst designs. In particular we have explored production of microreactors using micro electro discharge machining (μEDM) and anodization and by electrodeposition. We have also done a heat balance on these reactors so we had design data for design of the burners.
One part of the work is to explore μEDM and anodization as a way of producing robust reactor structures for the microscale. Recall that μEDM has previously been used to produce micron scale flow channels, but the extension to micro reactors is not obvious. One needs to find ways to add catalyst and to insure that the resultant structure is sufficiently robust to survive.
The addition of the catalyst represents a key issue for the production of robust structures. Catalysts can be added to ceramic microstructures using sol-gel techniques, but sol-gel coatings on metal substrates are known to not be robust upon thermal cycling. Silica coatings work if only oxides are used as a catalyst, but metals such as platinum sinter rapidly on silica substrates. We were interested in using transition metal catalysts. Consequently, we decided to try something else.
Our approach is to use anodization to produce a porous layer over an aluminum substrate. Previously, anodized foils have been used as catalysts. There has been some speculation that other anodized structures could be used in microreactors. However, details were lacking.
We have done several experiments to determine what types of anodized microreactor structures could work, and to characterize the reactor performance for the production of hydrogen from ammonia. Figure 27 shows a photograph of our first microreactor. This reactor is 1 inch wide aluminum covered by 500 micron wide, 3 mm high diamond posts on 1000 micron centers in a diamond pattern. The surface of each post has been anodized to produce a 36 micron layer of alumina in which platinum has been deposited. The post also shrink during anodization. 500 micron posts shrink to 300 microns. Figure 28 and Figure 29 compare the anodization of different aluminum alloys. We find when metallurgical pure aluminum is anodized, the reactor gives a high surface area material. On the other hand, anodized 6061 aluminum does not have as high of a surface area. BET analysis shows that anodized 1100 aluminum has a surface area 1000 times higher than it physical area, while anodized 6061 aluminum has a surface are that is too small to measure using the available techniques.
Figure 31
An optical photograph of a 1100 aluminum reactor that has been anodized at 60 V.
Figure 30
An optical photograph of a 1100 aluminum reactor that has been anodized at 30 V.
We have also varied our anodization conditions. Figure 30 and Figure 31 show the results. We find that if anodize at 30 V, we get a 50 micron thick layer that adheres upon thermal cycling. On the other hand if we anodize at 60 V, we end up with a layer that cracks and flakes off upon thermal cycling. Reactors such as that shown in Figure 24 and Figure  25 can support acceptable surface area-to-volume ratios while withstanding considerable shaking, avoiding bypassing of reactants, and promoting temperature uniformity due to structural continuity. The first three years were devoted to improving the design. Figure 26 shows how the performance changed over the first three years of the grant. We were able to substantially improve the performance of the reactor.
Work in the last two years concentrated on trying to understand the differences in performance we see in Figure 32 where channel reactors show much higher conversion than posted reactors. Simulations done in year 3 did not indicate that there was a large difference between the two reactors. Yet experimentally, the performance was quite different. The object of the work in year 4 was to close the gap between theory and experiment. Figure 24 and Figure 25 .
The experiments included measuring kinetics of the reaction, comparing performance to idealized behavior, flow visualization, RTD measurement and mapping to approximate equations. Figure 33 and Figure 34 show some of kinetic measurements started in yr 3 and completed in yr 4. Experimentally, the conversion in the posted reactor is as expected for a CSTR, while the conversion in the channel reactor is as expected for a PFR. Flow visualization using smoke to image the flow shows that the channel reactor behaves like a PFR, while the posted reactor shows considerable mixing. Importantly, there are considerable fluctuations in the flow with the posted reactor. Pulse testing of the reactors shown in Figure 37 also suggests large fluctuations in the flow in the posted reactor. This suggests that one of the main causes of the difference between calculation and experiment, was that the calculations assumed steady flow, while the experiments show mixed flow. Figure 38 shows the results of calculations needed to verify this idea. Generally, the calculations show that transient flow fluctuations cause there to be much more mixing in the posted reactor than in the channel reactor. At this point there is still a difference between theory and experiment, since the calculations were done in 2D to save computer time, while the experiments are 3D. However, the reason for the remaining difference between theory and experiment have been identified and suitable calculations are in progress.
The theoretical development has also lead to an important result: one can characterize the mixing in our devices in terms of an effective diffusivity. Recall that according to the standard Taylor-Aris analysis all reactors should show CSTR behavior in the limit of rapid diffusion of all of the reactants and products. Vlachos and coworkers have shown that one can define an effective diffusivity for a reactor, to account for the extra mixing in a posted reactor. Computations show that the effective diffusivity for the posted reactor is much higher than that in the channel reactor, which partially accounts for the difference in behavior. At this point there is still a difference between theory and experiment, since the calculations are 2D, while the experiments are 3D. 2D calculations take about a week of computational to converge. 3D calculations have not yet converged. Still, the path to eliminate the remaining difference between theory and experiment is clear. Modeling has provided design guidelines in terms of post density, catalyst loading, and post shape. The UIUC team has also started working on microreactors for the production of hydrogen from propane. Kenis and coworkers have integrated their highly porous SiCN and SiC catalyst monoliths (impregnated with Ru catalyst) into their alumina reactor housings to obtain an allceramic microreactor (Figure 39 ). These microreactors have a unique combination of properties: low pressure drops due to high porosity of the monoliths (0.73), high surface areas of 10 7 m 2 /m 3 , and thermal stability up to 1200°C (Adv. Funct. Mat., 2004) . Characterization of A Ru loading of 4.5 wt.% was determined for these SiC monoliths after impregnation with Ru catalysts, while the dispersion of active metal phase was ~20 % (J. Catalysis, 2005).
Ammonia decomposition: Using a tube furnace as the heat source, the decomposition of ammonia into hydrogen and nitrogen was studied as a function of temperature (450 -1000°C) for different entering ammonia flow rates (Figure 40 ). Complete conversion of NH 3 was reached between 750 and 950 ºC for flow rates between 3 and 36 sccm of NH 3 . At 36 sccm of NH 3 , a maximum of 54 sccm of H 2 was produced from a reactor with a monolith volume of only 0.55 mm 3 . So, 10
5 sccm H 2 is produced per cm 3 of monolith volume, which is two orders of magnitude more than the highest number reported in literature. Comparing turnover frequencies provided a key explanation for this excellent result: The Ru/SiC structures (this work) exhibit about 10 times higher catalytic activity compared to Ru/SiO 2 or Ru/Al 2 O 3 (literature). The microreactor structures do not show signs of failure after >15 thermal cycles of >8 hours each at temperatures as high as 1000 ºC. Also, no catalyst deactivation is observed after exposing the reactor to 12 sccm NH 3 3 
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Propane steam reforming: We also tested these microreactors for steam reforming of propane. One of the main problems faced in reforming of hydrocarbons is coking of the catalyst structures, resulting in catalyst deactivation. Coking issues can only be avoided if the reaction is performed at temperatures above 800 °C. Our microreactors comprised of Ru/SiC monoliths mounted in alumina housings can sustain such temperatures as shown already for ammonia decomposition. We thus tested our reactors for propane steam reforming, again using a tube furnace as the heat source, and we varied steam-to-carbon ratios, temperature, flow rates, and monolith pore size. In all reactors, full conversion of propane could be obtained, resulting in a mixture of predominantly hydrogen and CO, with only trace amounts of CO 2 and other partial decomposition products ( Figure 41 ). As always, the CO formed in steam reforming needs to be led through a water gas shift reactor to obtain an additional 25% of hydrogen, while also recovering some of the heat in this exothermic reaction. Full conversion of propane could be reached at temperatures as low as 850°C, while maintaining a steam-to-carbon ratio of 1.1. Note that the lower the S/C ratio, the less energy is needed to heat the steam to the operation temperature of the reactor. We obtained a maximum of 22 sccm H 2 which corresponds to 10 4 sccm H 2 /cm 3 monolith, while using a certain amount of helium as the carrier gas to allow for quantification. Without the helium, even higher production of hydrogen is to be expected. The hydrogen selectivity was typically on the order of 75-80%. Even after thousands of hours of operation at 800-1000°C, no coking of the reactor and no catalyst deactivation was observed as shown in Figure 42 , showing the high mechanical and thermal stability of these microreactors under operating conditions. The propane conversion and hydrogen selectivity data were identical within 0.3% with the values obtained before thermal cycling.
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Reactor scaling: We also created microreactors with a higher fraction of their overall volume being SiC monoliths, moving from 5 to 18 monolith pieces per reactor. As expected, higher absolute conversion of propane into hydrogen was obtained.
Novel washcotas for propane reforming: The UIUC team has also begun creating catalyst washcoats for propane reforming. Propane reforming catalysts usually have limited lifetime at high temperatures due to catalyst sintering. Titania has been found to reduce sintering, but the anatase phase of titania is not stable at high temperature, so titania additions have not proven to work in practice. Masel and coworkers now have developed a new procedure to keep the titania stable. 
Thermal Management
The UIUC team has also continued a low level effort on thermal management. We have also done simulations to understand how thermal coupling affects reactor performance. Thermal coupling between the two reactors is crucial, as illustrated in Figure 43 . counter-current, have been compared in terms of various performance criteria including device temperatures, maximum power exchanged, temperature of exit gas stream, and hydrogen production achieved. Best configurations have been identified. Finally, operation maps have been created to enable one to do proper balancing of flow rates for various flow rates of H 2 , as shown in Figure 44 .
The effect of flow configuration, namely co-vs. counter-current flow, on the operation of multifunctional microdevices for hydrogen production has been analyzed using two-dimensional computational fluid dynamics simulations. Stoichiometric propane/air gaseous combustion and ammonia reforming on Ru occur in alternate parallel channels separated by a thermally conducting wall. The power generated is in the range of 8-60 W per cm height of the device depending on flow rates. A proper balance of the flow rates of the combustion and reforming streams is, however, crucial in achieving this. For either configuration, the maximum power generated is determined by extinction at large reforming stream flow rates. Materials stability, resulting from high temperatures generated at low reforming stream flow rates, determines the lower power limit for a given flow rate of combustible mixture, as shown in Figure 44 . The two flow configurations are found to be practically equivalent for highly conductive materials (see Figure 44 ). Using properly balanced flow rates, the co-current configuration expands the operation window to medium as well as low thermal conductivity materials as compared to the counter-current configuration that shows a slightly superior performance but in a rather narrow regime of high ammonia flow rates and high thermal conductivity materials.
The UIUC group has explored the use of thin-film based reflective radiation shields for thermal management.
Whenever homogenous combustion occurs in millimeter or sub-millimeter scales, the wall and flame temperatures tend to be very high (the wall temperatures are ~1000°C). High wall temperatures make vacuum packaged heat shields difficult to construct and the shields must be able to endure oxidizing conditions. Hence dielectric materials like tantalum pentoxide (Ta 2 O 5 ) that have good high temperature structural properties, resistance to oxidation and low optical absorption in the IR are better candidates for the construction of reflective thin film radiation shields. An immediate problem that arises is the lack of thermal radiative optical constants in the IR for such dielectric materials. Data at the relevant high temperatures of operation was found to be absent in current literature for dielectric materials including Ta 2 O 5 . The IR optical constants at both room and high temperatures are being calculated using IR reflectance measurements using an FTIR equipped with a reflectometer. The room temperature FTIR setup has been used to calculate the optical properties of as-deposited Ta 2 O 5 . In addition, as a first step in understanding the high temperature optical properties of dielectric materials, the effect of prior exposure to high temperature on the room temperature radiative optical constants of thin films of Ta 2 O 5 deposited on Si and SiO 2 was studied. The IR optical constants of both crystalline Ta 2 O 5 and the material interface formed between the Ta 2 O 5 and the Si substrate were calculated and presented in literature for the first time (Figure 21 ).
High temperature reflectance measurements are currently being pursued. As it turns out, significant issues arise in measuring optical properties at high temperature in FTIR's, due to the effect of emission on the system. We therefore developed a new methodology for making these measurements, and have tested the method with gold and Si films, which are among the few matierals where the index of refraction, n, and the extinction, k, coefficients are known at high temperatures. A publication describing this method is being prepared. Preliminary reflectance data has also been collected using this method for a variety of materials including Si and Ta 2 O 5 . The absorptance for many materials increase with temperature, making their use in IR reflectors problematic. The initial reflectance measurements show that the optical properties of Ta 2 O 5 do not change significantly when heated to temperatures as high as 500°C (Figure 22 ), which is important for the oxide reflectors to operate as desired. The high temperature reflectance should be in publishable form within the next report. The UIUC group has also started to examine a new class of insulating structures that use quantum effects, i.e. band gaps to limit the flow of heat. Figure 49 shows some photonic band structure calculations we have done to verify the idea. If we are able to build the structure in Figure 48 , it should completely block radiant heat transfer at wavelengths between 2 and 6 microns, and have partial reflections at other frequencies. Conduction should also be unusually low because of the staggered post structure.
In summary then, at this point, the UIUC group has made significant progress on the initial goals of the MURI. They have developed design rules for microburners and microreactors. These design rules have allowed better systems to be built. There is still more work to be done, but significant progress has occurred. 
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